A novel technique is proposed for the vortex control in the wake of a freely vibrating bluff body. The essence of the technique is to create a local perturbation on the surface of the body using piezoelectric actuators, thus modifying interactions between the ow and the structure. A square cylinder, exibly supported on springs at both ends, was placed in a uniform ow and allowed to vibrate laterally. Three actuators were embedded underneath one side, parallel to the ow, of the cylinder. They were simultaneously activated by a sinusoidal wave, thus causing the cylinder surface to oscillate. Measurements were conducted at the synchronization condition when the vortex shedding frequency f s coincided with the natural frequency of the uid-structure system. As the perturbation frequency f p of the actuators falls in the synchronization range, both particle image velocimetry and laser-induced uorescence ow visualization captured dramatically enhanced vortices shed from the cylinder. The circulation of these enhanced vortices doubled. On the other hand, when f p was shifted away from the synchronization the vortex circulation dropped by about 50%. The spectral analysis of the structural displacement signal Y and hot-wire signal u points to the fact that the perturbation has altered uid-structure interactions, the spectral phase Á Yu at f s between uid excitation and structural vibration changing from 0 to ¡¼, namely, from reinforcing each other to dissipating each other. The perturbation effect on the drag coef cient and the cross ow distribution of Reynolds stresses is also investigated.
I. Introduction
F LUID owing over a bluff body is a common occurrence. Examples include ow past heat exchangers, offshore structures, power transmission lines, and high-rise buildings. When the Reynoldsnumber Re exceedsa criticalvalue,the boundarylayer will separate from the body to form an unsteady ow pattern, that is, a staggered vortex street. In engineering, the unsteady ow pattern around the body often needs altering, either cancelled, for example, to suppress ow-induced vibration, or reinforced such as for transport enhancement in heat-transfer applications. The vortex control problem has therefore attracted a great deal of interest in the past.
The vortex control strategy can be passive or active. A passive method requires no energy input, thus having the advantage of being easier to implement, less expensive in cost, and more stable. Previous passive approaches frequently rely on adding surface protrusions,shrouds,or near-wakestabilizersto the structuresto modify vortex shedding. The methods have proved successful particularly in offshore explorations and marine hydraulics.
The active controlstrategy can be separatedinto open-and closedloop control. A closed-loop active control system uses actuators driven by external energy sources through a feedback-signal controlled electronic system. The action of the actuators alters uid or structural dynamics or interactions between the two nonlinear dynamical systems, thus counteracting the effect of the ow instability. Berger 1 was probably the rst to introduce the feedback control to suppress the wake instability. He used a hot-wire signal obtained in the wake to actuate a bimorph cylinder and reported the possibility of avoiding vortex shedding at a low Reynolds number Re´U 1 h=º D 80, where U 1 is the freestream velocity, h is the characteristicheight of the cylinder,and º is the kinematic viscosity. Warui and Fujisawa 2 managed to reduce the vortex strength using electromagnetic actuators installed at both ends of a circular cylin-der to createa lateraloscillation,which was controlledby a feedback hot-wire signal from the turbulent wake (Re D 6:7 £ 10 3 ). Fujisawa et al. 3 and Fujisawa and Nakabayashi 4 introduced a rotational oscillation and used different feedback control algorithms to reduce effectively velocity uctuations and drag force (Re D 2 £ 10 4 ). The cylinder was activated by the hot-wire feedback signal from uctuating velocities in the wake. Using a similar oscillation method, Tokumaru and Dimotakis 5 managed to attenuate both vortex strength and drag force (Re D 1:5 £ 10 4 ). Shiels and Leonard 6 investigated numerically the physics underlying Tokumaru and Dimotakis's observation and concluded that rotational oscillation triggeredmultiplevorticitystructures,which lead to a time-averaged separationdelay and subsequentlydrag reduction.Baz and Ro 7 used an electromagnetic actuator installed inside a cylinder to exert a force on the cylinder. The actuator was driven by a feedback hotwire signal measured in the wake, thus increasing damping to the cylinder and effectively reducingthe vortex-inducedvibrationat the occurrenceof resonance,when the vortex sheddingfrequency f s coincided with the natural frequency f 0 n of the system. One common feature in these investigations is to alter the structural dynamics, subsequently in uencing the ow eld.
Another approachis to use acoustic excitation to control the oweld. Ffowcs-Williams and Zhao 8 used a hot-wire signal to provide a feedback control into a loudspeaker mounted on the wind-tunnel wall. The acoustic excitation from the loudspeaker suppressed vortex shedding from a cylinder (Re D 4 £ 10 2 ). Roussopoulos 9 revisited the investigationand concludedthat the onset Reynolds number for vortex shedding could be increased by 20% as a result of the control. Lewit 10 used a feedback hot-wire signal to activate sound waves inside a circular tube. The sound waves interacted with ow through two rows of holes, arranged at §90 deg away from the forward stagnation line of the tube, respectively, so that the sound waves through the two rows of holes were in antiphase, thus suppressingvortex sheddingfrom the tube up to Re D 10 4 . Huang 11 also introduced sound, again generated inside a cylinder and activated by a feedback hot-wire signal from the wake, into ow through a thin slit on the cylinder surface. He found that the shear ow near the slit was modi ed so that vortex shedding could be suppressedup to a Reynolds-number range between 4 £ 10 3 and 1.3 £ 10 4 . Both Lewit and Huang applied a high level of acoustic excitation (more than 120 dB) in order to produce suf cient control effects. This might not be a feasible solution when noise is a concern.
In contrast with the closed-loop control, an open-loop control injects energy to the system without a feedback loop. Williams et al. 12 introduced symmetric and antisymmetric acoustic excitationsinto a water ow (Re D 470) at a frequency of about 2 f s through two rows of holes located at §45 deg, respectively, away from the forward stagnation line of the cylinder. He observed a modi ed behavior of f s and the ow structure. Using acoustic waves emitted from a slot on the surface of a cylinder, Hsiao and Shyu 13 demonstrated that a local perturbation near the shear-layer instability frequency and around the ow separation point caused an increase in lift but a reduction in drag and the vortex scale. In both investigations the acoustic excitation did not have any apparent relationship with vortex shedding.
The paper proposes an alternative to the existing open-loop control methods. A novel technique based on piezoelectric actuators is investigated. When placed within an electric eld, the piezoelectric effect results in a strain in the material. Conventional piezoelectric wafers can only generatevery small deformation.The piezoceramic actuator presently investigated overcomes this obstacle by embedding a piezoelectric layer on the surface of a curved metallic thin plate. Because of its special fabrication process and the effect of curvature, a relatively large displacement can be achieved. This actuator is further characterized by a light weight and is capable of generating large forces over a wide range of frequencies. When the actuator is used to create a perturbation on the surface of a bluff body, uid dynamics or interactionsbetween uid and structure can be altered, thus modifying vortex shedding. This technique is found to be particularly effective for the control of vortices from a freely vibrating structure in response to ow excitation, especially when resonance occurs. Flow measurements using a laser-induced uorescence (LIF) technique,particle image velocimetry (PIV), and hot wire indicate that the vortex strength can be drastically reduced or increaseddependingon the perturbationfrequency.The corresponding variationin the cross ow distributionof Reynoldsstresses is also measured using a two-component laser Doppler anemometer.
II. Experimental Details

A. Wind Tunnel and Test Cylinder
Experiments were conducted in a closed-circuitwind tunnel with a square working section (0.6 £ 0.6 m) of 2.4-m length. The wind speed of the working section is up to 50 m/s. The streamwise mean velocity uniformityis about 0.1%, and the turbulenceintensityis less than 0.4%. More details of the tunnel were given in Zhou et al. 14 An aluminum alloy square cylinder of side h D 0.0152 m was mounted horizontally in the midplane, 0.2 m downstream of the exit plane of the contraction, and spanned the full width of the working section, resulting in a blockage of about 2.53%. The cylinder, supported on springs at both ends, was allowed to vibrate laterally (Fig. 1 ). Measurements were carried out on the resonance condition of the uid-structuresystem, that is, f s ¼ f 0 n (D30 Hz). The corresponding reduced velocity U r .´U 1 = f 0 n h/ was about 7.8, Re was 3:5 £ 10 3 , and the maximum displacement of cylinder Y max was about 1.2 mm, or 0.08h.
B. Actuators and Their Installation
Piezoelectric actuators presently used were prestressed and curved; they consist of a number of composite laminates, which have different thermal expansion coef cients and deform out-ofplane under an applied voltage. Three actuators were embedded in series in a slot on one side of the cylinder to support a thin plastic plate of 3 mm thick, which was installed ush with the top cylinder surface (Fig. 2) . To minimize the asymmetry of the dynamic system, the opposite side of the cylinder was identically constructed, but no actuators were installed. The length of the plastic plate was 0.49 m, that is, two-thirds of the cylinder length. The gap between the plastic plate and cylinder was very small, about 0.1 mm, and well lubricated. The plate ushes with cylinder surface, thus not changing the cross section of the cylinder. The actuators were activated by a signal generated from a signal generator and ampli ed by a dual-channel piezodriver ampli er (Trek PZD 700). Driven by the actuators, this plate would oscillate to create the local perturbation of the cylinder surface. 
C. Flow eld Measurements
The velocity eld was measuredusing a Dantec standardPIV2100 system beforeand after the perturbation.Flow was seeded by smoke, which was generatedfrom paraf n oil, of a particle size around1 ¹m in diameter. Flow was illuminated in the plane of mean shear by two new wave standard pulsed laser sources of a wavelength of 532 nm, each having a maximum energy output of 120 mJ. Digital particle images were taken using one charge-coupleddevice (CCD) camera (HiSense Type 13; gain £ 4, double frames, 1280 £ 1024 pixels). A Dantec FlowMap Processor (PIV2100 type) was used to synchronize image taking and illumination. A wide-angle lens was used so that each image covered an area of 150 £ 120 mm of the ow eld, that is, x= h ¼ 0.8 » 10.8 and y= h ¼ ¡2:7 » 5:2; the x and y coordinates and their origin are de ned in Fig. 1 . The longitudinal and lateral image magni cations were identical, that is, 0.12 mm/pixel. Each laser pulse lasted 0.01 ¹s. The interval between two successive pulses was typically 50 ¹s. Thus, a particle would only travel 0.179 mm (1.53 pixels or 0.0118h/ at U 1 D 3:576 m/s, which was used for measurements. An optical lter was used to allow only the green light (wavelengthD 532 nm) generated by a laser source to pass. In the image processing 32 £ 32 rectangular interrogation areas were used. Each interrogation area included 32 pixels (¼0.25h/ with 25% overlap with other areas in either the longitudinal or lateral direction. The ensuing in-plane velocity vector eld consisted of 53 £ 42 vectors. Spanwise vorticity component ! z was approximately obtained based on particle velocities using a central difference scheme. The spatial resolution of vorticity estimate depends on grid spacing, about 2.9 mm or 0.19h.
The LIF measurementwas conductedusing the ow-visualization function of the PIV system. The same smoke as used in the PIV measurement was introduced through eight injection pinholes (diameter D 1 mm), symmetrically distributed at the midspan of the leading side (normal to the ow direction) of the cylinder. The CCD camera was used on the single-exposure mode. A wide-angle lens was also used to enlarge the view eld so that each image covered an area of approximately 165 £ 125 mm or x= h ¼ 0.33 » 11.2 and y= h ¼ ¡4:1 » 4:1 in the ow eld. The recording interval between successiveimages was 0.143 s. Other con gurationparameterswere similar to the PIV measurement.
D. Cylinder Displacement and Fluctuating Flow Velocity Measurements
A Polytec Series 3000 dual beam laser vibrometer 15 and a 5-¹m tungstenhot wire were used to measure simultaneouslythe structural displacement and ow velocity, respectively. The hot wire, placed at x= h D 2 and y= h D 1:5, was operated at an overheat ratio of 1.8 with a constanttemperatureanemometer. Signals from both the laser vibrometer and the hot wire were conditioned and digitized using a 12-bit A/D board at a sampling frequency of 3.5 kHz per channel. The duration of each record was about 20 s.
The mean N U and N V and uctuating velocities u and v along the x and y direction,respectively,in the wake (x=h D 3 » 25) were measured using a two-component laser Doppler anemometer (LDA) system (Dantec Model 58N40 with an enhanced ow velocity analyser signal processor). The measuring volume has a minor axis of 1.18 mm and a major axis of 2.48 mm. Thus, the measured mean velocity was estimated to have an error of less than 3%, and the corresponding error for the measured rms values u rms and v rms was less than 10%. The seeding was provided by smoke, the same as used in the PIV and LIF measurements.
III. Perturbation Effects
A. Impaired Vortex Strength Figure 4 shows the photograph taken using the LIF technique when the uid-structure system was under the resonance condition, that is, f (Fig. 7) . The magnitude j! ¤ z max j of the maximum ! ¤ z drops by about 46%. Furthermore, the size of vortices also shrinks signi cantly. The circulation around a vortex can be estimated by the following numerical integration 16 :
where .! ¤ z / i j is spanwise vorticity over area 1 A D 1x1y with 1x and 1y being the integral step along the x and y directions, respectively. Integration was conducted over an area enclosed by the cutoff level j! ¤ zc j D 0:4, about 10% of j! ¤ z max j, as used by Sumner et al. 17 The error associated with the 0 estimate is about 15%. The decrease in 0 exceeds 50%, compared with the case without perturbation (Fig. 5) .
B. Enhanced Vortex Strength
As the perturbationfrequency was increased to f ¤ p D 0.13, which coincided with the natural frequency of the uid-cylinder system, the vortex shedding (Fig. 8) was enhanced. The vortices appear better organized and larger in size when compared with that without perturbation (Fig. 4) . This is more evident in the contour of ! ¤ z (Fig. 9) . The magnitude of the maximum ! ¤ z experiences a jump of 38%; the size enclosed by j! ¤ zc j D 0:4 increases drastically (that is, Fig. 5 ). Accordingly, a conservative estimate of 0 (part of the area enclosed by j! ¤ zc j D 0:4 was outside the PIV image) doubles that in Fig. 5 . Considering a relatively small perturbation amplitude Y p;rms = h D 2% (Y max = h D 8%), the variation in the vortex street is astonishing, implying a great change in uid-structure interactions during the vortex shedding process.
The surface perturbation was imposed only on the upper side of the square cylinder,but both sides of the wake centerline (Figs. 6-9 ) appear equally affected. The observation suggests that the local perturbation has changed the global interaction between uid and structure.
IV. Perturbed Fluid-Structure Interactions
It has been seen from Sec. III that f ¤ p is crucial in how the perturbation would in uence the near wake and implicitly the uid- (Figs. 6 and 7) . Note that the peak at the second harmonic is also appreciably reduced. As f uid-structureinteractions,the in-phased uid excitation,and structural oscillation turning into antiphased interactions against each other, which dissipate each other in energy and result in drastic weakening vortex shedding and structural oscillation.
It is pertinent to comment that Coh Yu at f s drops to the minimum at f Fig. 3) . This might explain why .26 is at least partially responsible for the relatively weak perturbation effect over these frequencies (Fig. 11) .
V. Downstream Evolution of Perturbed Flow
It might be of fundamental interest to estimate how far downstream of the cylinder the perturbation effect could persist. This is investigated by examining the cross ow distribution of mean velocity U ¤ and Reynolds stresses u , and uv ¤ at x= h D 3 shows a considerable decrease, down to 85, 85, 88, and 78% of that unperturbed, respectively. On the other hand, for f ¤ p D 0.13 the four quantities increase by 16, 13, 10, and 22%, respectively.The results are in line with the LIF and PIV measurements. The perturbation on the upper side of the cylinder has the equal effect on either side of the wake centerline, as qualitatively seen from the vortex street (Figs. 6-9) . The difference is still discernible at x= h D 20 but vanishes at x= h D 25 (not shown).
One remark is caused by the perturbation effect on the drag coef cient C D , which can be estimated based on U ¤ , u 2 ¤ , and v 2 ¤ (Ref. 20) , that is,
